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ABSTRACT 


Experiments conducted with phenolic-PTFE (polytetrafluoroethylene) composites 
sliding against 440-C steel in liquid nitrogen and in liquid hydrogen showed that lubricat- 
ing properties of phenolic can be improved by the addition of as little as 15 weight percent 
of PTFE. Experiments further showed that 15 weight percent PTFE of the 0. 2- to 
8- micron particle size gave the best results in both liquid nitrogen and in liquid hydro- 
gen. Compressive- modulus and shear- strength tests at room temperature and in liquid 
nitrogen indicated that these properties were reduced by a factor of 2 to 3 by the addition 
of 15 weight percent PTFE. 
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SUMMARY 

Phenolic (phenol formaldehyde) -PTFE (polytetrafluoroethylene) composites were 
tested in sliding contact with 440-C steel in liquid nitrogen and in liquid hydrogen to de- 
termine the effect of percent composition and PTFE particle size on the friction and wear 
properties of the composite. Also of importance was the effect of the PTFE (amount and 
particle size) on the compressive modulus and shear strength of the composite; these 
tests were conducted at room temperature and in liquid nitrogen. 

Experiments were conducted with a hemispherically tipped (3/16-in. or 4. 76-mm 
rad) rider sliding against the flat surface of a 440-C steel disk submerged in the liquid. 
The load applied to the rider was 1 kilogram, and the sliding velocity was 2300 feet per 
minute (701 m/min). 

Test results indicated that the addition of PTFE to phenolic reduces the friction co- 
efficient by a factor of 2 in liquid nitrogen (no reduction in liquid hydrogen) and reduces 
the wear rate by a factor of 100 in liquid nitrogen and by a factor of 10 in liquid hydrogen. 
Additions of PTFE of more than 15 percent by weight did little to improve the lubricating 
properties. Shear strength and compressive modulus were reduced by a factor of 2, with 
most of the reduction occurring at or before the addition of the 15 weight percent PTFE. 
The best combination of composite strength and lubricating properties was achieved with 
the addition of 15 weight percent PTFE with particle sizes of 0.2 to 8 microns. 


INTRODUCTION 

Rotating machinery for cryogenic applications, such as the rocket engine turbopumps, 
employs rolling- element bearings operating submerged in cryogenic fluids (refs. 1 and 2). 



These bearings have surfaces, both in sliding and in rolling motion, which must be ade- 
quately lubricated in order to meet the goals of reliability and operating life. In addition 
to bearings, rocket engine turbopumps contain contact seals that are exposed to cryogenic 
fluid and operate at high sliding velocities. 

A liquid lubricant, such as oil, ordinarily performs two primary functions: (1) sep- 
arates solid surfaces having sliding and/or rolling relative motion, and (2) removes heat 
generated either in shearing the lubricant and/or by sliding and rolling solid- surface con- 
tact. For rolling- element bearings and face-contact- seal applications, the cryogenic 
fluids perform only the cooling function, because their inherent low viscosity does not 
permit a significant development of hydrodynamic forces for lubricating purposes (ref. 1). 
Therefore, self-lubricating materials are necessary for satisfactory operation of bear- 
ings and seals in cryogenic fluids. 

Numerous self- lubricating materials for cryogenic applications have been investi- 
gated (refs. 2 to 9). The conclusion reached from an extensive series of tests on ball 
bearings with various cage materials (ref. 2), operating submerged in liquid rocket pro- 
pellants (liquid hydrogen, liquid oxygen, nitrogen tetroxide, and kerosene), was that a 
nonmetallic cage surface is desirable. Glass-fabric- supported PTFE (polytetrafluoro- 
ethylene) and glass-fiber-filled PTFE cages gave the best performance. However, the 
cage wear was higher with propellants than with oil. A phenolic cage was operated in 
liquid hydrogen with some success (ref. 2); however, high torque resulted from the high 
friction coefficient of the propellant- cleaned phenolic cage sliding on steel. Reference 10 
reports significant improvement in the friction and wear of phenolic (in air at room tem- 
perature) with the addition of 5- to 10-micron size particles of PTFE. This addition of 
PTFE (15 vol. % or 21. 4 wt. %) produced the lowest friction and wear. Since phenolic 
has a higher compressive strength than that of PTFE polymers, it is herein suggested 
that the addition of a PTFE filler in phenolics might improve friction and wear in cryo- 
genic fluids without unduly reducing other mechanical properties such as tensile strength. 
(In comparison with commonly used PTFE composites, phenolic- PTFE composites have 
a lower thermal contraction and are less abrasive. ) 

The objectives of this investigation were 

(1) To determine the effect of filler (PTFE) particle size on the coefficient of friction 

and the wear rate of phenolic composites in liquid nitrogen and in liquid hydro- 
gen 

(2) To determine the effect of filler (PTFE) percentage addition on the coefficient of 

friction and the wear rate of phenolic composites in liquid nitrogen and in liquid 
hydrogen 

(3) To determine the shear strength and modulus of elasticity of phenolic- PTFE com- 

posites in liquid nitrogen and at room temperature 

The matrix material used in this investigation was a general purpose phenolic 
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powder; the fillers were PTFE powders with mean particle sizes of 0.2, 2, 8, and 
25 microns. A filled PTFE (15 percent glass fiber and 85 percent PTFE) was selected 
as the reference material because it is comparable with several materials used success- 
fully as bearing cages for cryogenic service (refs. 2, 4, and 11). The coefficient of fric- 
tion and the wear rate of the reference material and of the phenolic composites were de- 
termined by sliding a hemispherically tipped rider of the composites against 440- C steel 
disks submerged in liquid nitrogen or in liquid hydrogen. 


APPARATUS AND PROCEDURE FOR FRICTION AND WEAR STUDIES 

The apparatus used in the friction and wear studies is shown in figure 1. The basic 
elements consisted of a hemispherically tipped, 3/16-inch- (4.76-mm-) radius rider spec- 
imen held in sliding contact with the lower flat surface of a 2^- inch- (63. 5- mm-) diameter 
rotating disk. The experiments were conducted with specimens completely submerged in 
liquid nitrogen or in liquid hydrogen. The drive shaft supporting the disk specimen was 
driven by a hydraulic motor through a 6:1 speed increaser and provided a sliding velocity 
of 2300 feet per minute (701 m/min) for the data reported herein. Two sets of helium- 
purged contact seals (not shown in fig. 1) were used to prevent air leakage in and cryo- 
genic liquid leakage out around the drive shaft. 

The rider specimen was loaded to 1 kilogram against the rotating disk specimen by a 
helium- pressurized bellows assembly. Load and frictional force were continuously 
measured by load dynamometer rings mounted inside the environmental chamber. 

The cryogenic fluid was transferred to the test chamber through a closed system. 

The storage vessel was pressurized to transfer the liquid and to maintain the liquid level. 

The test chamber was cleaned with 100 percent ethyl alcohol prior to each run. Af- 
ter the cleaning and installation of specimens, the test chamber was closed, purged for 
15 minutes with nitrogen or helium gas, and filled with the operating liquid. After the 
test chamber was full and the liquid boiling stabilized, the rider specimen was loaded 
against the disk, and the drive motor started and adjusted to the proper speed. The du- 
ration of most runs was 1 hour. 

The frictional force was measured with a recording potentiometer used as a strain 
indicator. The wear of the rider specimen was determined by (1) measuring the wear- 
scar diameter, (2) continuously recording the rider specimen position measured by a lin- 
early variable differential transformer. 

The surfaces of the metal disk specimens were prepared as follows: (1) finished- 
ground to 4 root mean square, (2) scrubbed with moist levigated alumina, (3) washed in 
tap water, and (4) washed in distilled water. Phenolic rider specimens were cleaned with 
100 percent ethyl alcohol just prior to the test. 


3 



i Test chamber 
.compensating pressure 



Figure 1. - Cryogenic fuel apparatus and specimen loading system. 
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MATERIALS AND PROCESSING 


The materials evaluated in this report are listed in table I. The following procedure 
was used for processing these materials: 

(1) Phenolic molding compound was passed through a 10-mesh screen (0. 066 in. sq 
or 1. 7 mm sq). 

(2) Phenolic and PTFE powders were weighed and dry blended. 

(3) The blend was passed through heated differential rolls to produce a solid sheet. 

(4) The sheet was ground into powder and passed through the 10-mesh screen. 

(5) This powder was poured into a 4- inch- (100-mm-) diameter mold and cold 
pressed into a preform. 

(6) The preform was dielectrically heated to 210° F (99° C). 

(7) The preheated preform was charged into a fully positive (diametral clearance) 

TABLE I. - PHENOLIC- PTFE (POLYTETRA- 


FLUOROETHYLENE) COMPOSITES STUDIED 


Phenolic 
material, 
Wt. % 

Polytetrafluoro- 
ethylene, 
wt. % 

Mean particle size of 
polytetrafluoroethylene, 
pm 

100 

0 

— 

95 

5 

0. 2 

95 

5 

2 

95 

5 

8 

95 

5 

25 

85 

15 

. 2 

85 

15 

2 

85 

15 

8 

85 

15 

25 

80 

20 

2 

80 

20 

8 

80 

20 

25 

75 

25 

.2 

75 

25 

.2 

75 

25 

8 

75 

25 

25 

65 

35 

. 2 

65 

35 

2 

65 

35 

8 

65 

35 

25 
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4-inch- (100-mm-) diameter mold (ASTM standard), heated to 330° F (165. 5° C) under a 

7 2 

pressure of 8000 psi (5. 5x10 N/m ), and cured for 15 minutes. 

(8) The preform was a disk, 4 inches (100 mm) in diameter and 3/8 inch (9. 5 mm) 
in thickness, from which the specimens were machined. 


APPARATUS AND PROCEDURE FOR DETERMINING SHEAR STRENGTH AND 

COMPRESSIVE MODULUS 

The test apparatus for determining the shear strength and the compressive modulus 
consists of a precision tensile tester with a shear test jig and a compression test jig. A 
vacuum-jacketed test chamber with an anvil base was used for all tests; for low- 
temperature data, the chamber was filled with liquid nitrogen. Figure 2 shows part of 
tensile tester with the shear jig and vacuum- jacketed test chamber in position. 



Figure 2. - Apparatus for determining room-temperature and liquid-nitrogen 
temperature shear strength. 
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Shear-Strength Procedure 


Shear -strength tests were conducted using a specimen 0. 125+0. 001 inch (3. 17 5± 

0. 025 mm) in diameter by 1 inch (25. 4 mm) in length. The specimen was mounted to 
give a double shear action, as indicated in figure 3. Specimens tested in liquid nitrogen 
were cooled for 3 to 4 minutes before shearing. (Tests conducted with cool-down times 
of 5 to 25 min revealed no change in specimen shear strength. ) The rate of shear was 
0. 5 inch per minute (12. 7 mm/min); changing the shear rate to 5 and to 0. 05 inch per 
minute (127 and 1.27 mm/min) had no appreciable effect on the shear strength. Larger 
specimens (1/4- in. or 6. 35-mm diam) had about a 20 percent higher shear strength. The 



Figure 3. - Shear test jig with shear specimen in position. 


l/8-inch- (3. 18-mm-) diameter size was used because the 1/4- inch- (6. 35-mm-) diam- 
eter specimens with a low percentage of PTFE had shear loads beyond the range of the 
tensile tester (1000 lb or 455 kg). 


Compressive-Modulus Procedure 


Compression tests utilized the jig shown in figure 4. Specimen positions are also 
shown. The vertical posts facilitate the handling of the jig stand when the test chamber 
is filled with liquid nitrogen. The piston is mounted on the tensile tester (same as upper 


Compression specimen. 



C-67-1458 

Figured * Compression test jig with compression specimen in position* 


section of shear bar in fig. 2). The specimens were 0. 250±0. 001 inch (6. 350±0. 025 mm) 
in diameter by 0. 750±0. 001 inch (19. 05±0. 025 mm) in length to give a slenderness ratio 
of 12. (ASTM-D695 suggests a slenderness ratio of between 11:1 and 15:1. ) The slen- 
derness ratio is defined as the length divided by the least radius of gyration (which, for a 
cylinder, is one- quarter of the diameter). Load as a function of deflection is continu- 
ously recorded by a strip-chart recorder. The compressive modulus is then obtained in 
the following manner: The slope of the most nearly straight portion of the curve is de- 
termined; the strain slope of the load cell is subtracted; and the result is multiplied by 
the ratio of length to area. The rate of compression was 0. 05 inch per minute (1. 27 mm 
(1. 27 mm/m in), and the maximum load was 200 pounds (91 kg). The maximum load for 
100 percent PTFE was 50 pounds (23 kg). 

RESULTS AND DISCUSSION 
Mechanical Properties at Room Temperature 

The mechanical- property data presented in figure 5 are not intended to be used for 
design but rather to show the property trends with the addition of PTFE to phenolic (phe- 
nol formaldehyde) and with the change from room temperature (75° F or 24° C) to liquid- 
nitrogen temperature (-320° F or 77° K). Data presented are typical of these tests; the 
variation is ±20 percent. Figure 5(a) shows the decrease of shear strength with various 
percent compositions and particle sizes of PTFE added to the phenolic at room tempera- 
ture (75° F or 24° C). Most of this decrease occurred with additions of PTFE between 
15 and 20 weight percent, regardless of the particle size; for higher percentage composi- 
tions, the shear strength approached that of 100 weight percent PTFE. Shear strength 
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specimen size, 0. 125-inch (3. 175-mm) diameter by 1.0- 
inch (25.4-mm) length; strain rate, 0.5 inch per minute 
(12.7 mm/min). 



Composite 



0.05 inch per minute (1.27 mm/min). 



(c) Shear strength in liquid nitrogen. Temperature, 
-320° F (77° K) ; specimen size, 0. 125-inch (3. 175-mm) 
diameter by 1.0-inch (25.4-mm) length; strain rate, 

0. 5 inch per minute (12. 7 mm/min). 


(d) Compressive elastic modulus in liquid nitrogen. Tem- 
perature, -320° F (77° K); specimen size, 0.250-inch 
(6.350-mm) diameter by 0. 750-inch (19.05-mm) length; 
strain rate, 0.05 inch per minute (1.27 mm/min). 


Figure 5. - Mechanical properties of phenolic (phenol formaldehyde) -PTFE (polytetrafluoroethylene) composites in air and in liquid nitrogen. 
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improved with decreasing particle size. With the largest particle size (25 pm), the 
physical strength and integrity of the composite are affected; therefore, friction and wear 
data could not be obtained. 

The modulus of elasticity (in compression) of the same composites is plotted in fig- 
ure 5(b) to show the effect of varying the weight percent and the particle size of PTFE. 
(With the addition of PTFE, the effect on the elastic modulus is less than the effect on the 
shear strength. ) 


Mechanical Properties in Liquid Nitrogen 

The shear strength of composites (fig. 5(c)), as expected, was higher (~40 percent) 
in liquid nitrogen (-320° F or 77° K) than at room temperature, and it was again reduced 
by the addition of PTFE. Most of this reduction was reached with an addition of about 
15 weight percent PTFE for all particle sizes. Above 15 weight percent PTFE, the 
curves for the 8- and 25-micron particle fillers showed that the shear strength was 
slightly less than that for the 100 percent PTFE. This result indicates a decrease in 
the composite shear strength that might be partially caused by the differential contrac- 
tion of the large particles, which creates voids and, hence, reduces the cross-sectional 
area. Cross-sectional area is difficult to calculate because the void content is unknown; 
the total thermal contractions of the phenolic and the PTFE and of the composite are 
easily measured. (Phenolic contracts about 0„ 2 percent and PTFE about 1. 5 percent 
from room temperature to liquid- nitrogen temperature. ) 

The modulus of elasticity (compressive) is shown in figure 5(d). The modulus in 
liquid nitrogen is about four times as high as it is at room temperature, and again, as at 
room temperature the addition of PTFE (all particle sizes) decreases the modulus by a 
factor of 2 at 35 weight percent PTFE. The trend is reasonably linear up to an addition 
of 35 percent PTFE. 


Comparison of Mechanical Properties at Room Temperature and in Liquid Nitrogen 

Figure 5 shows that the shear strength and the compressive modulus of the composite 
are moderately reduced by the addition of PTFE at room temperature and in liquid nitro- 
gen. Particle size and weight percent have a moderate influence on these properties. 
Reducing the temperature from 75° F (24° C) to -320° F (77° K) increases the compres- 
sion modulus more than it does the shear strength (by 300 and 10 percent, respectively). 

Although mechanical- property data in the literature (ref. 12) do not agree with that 
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obtained for PTFE in this investigation, it is important to note that the data presented 
herein are consistent. Also, the published data for cryogenic strength properties of 
polymers vary by a factor of 2 to 3 between authors. 


Wear and Friction in Liquid Nitrogen 

The wear rates of phenolic- PTFE composite riders are shown in figure 6(a). Wear 
is decreased by a factor of more than 100 by the addition of 15 weight percent PTFE 
(0. 2 pm particle size). Larger additions of PTFE do not significantly reduce the wear; 
wear curves for all three particle sizes approach the wear of 100 percent PTFE. The 
most beneficial particle size appears to be the smallest (0. 2 pm), which indicates a 
weakening effect of additives of the larger particle sizes, probably from differential con- 
traction. For reference, a 15 weight percent glass-fiber-filled PTFE is included in the 
figure, which shows that the 15 weight percent PTFE-phenolic (particle size, 0.2 pm) 
has about the same wear as the reference material (85 percent PTFE and 15 percent 
glass fiber). 

Figure 6(b) shows the friction coefficient for the same materials presented in fig- 
ure 6(a). The coefficient of friction is only slightly reduced by the addition of PTFE of 
any particle size or weight percent and is similar to that of both the 100 percent PTFE 
and the reference material (85 percent PTFE and 15 percent glass fiber). 


Wear and Friction in Liquid Hydrogen 

The wear rates of the phenolic- PTFE composite in liquid hydrogen are shown in fig- 
ure 6(c). The wear rate is reduced by a factor of 10 by the addition of 15 weight percent 
PTFE. Apparently, the wear of PTFE is affected more by the lower temperature of liq- 
uid hydrogen than is the phenolic, which explains the smaller improvement in wear of 
composites in liquid hydrogen than in liquid nitrogen with the addition of PTFE. 

The coefficient of friction (fig. 6(d)) is essentially unaffected by the PTFE addition. 


Comparison of Friction and Wear in Liquid Nitrogen and in Liquid Hydrogen 

Figure 6 shows that phenolic-PTFE composites with small particle sizes (0.2 and 
8 jum) have a wear trend, with increasing PTFE content, that includes PTFE as an end 
point. A comparison of figures 6(a) and (c) shows that the wear of phenolic is only three 
times as high in liquid hydrogen as it is in liquid nitrogen, but that the wear of PTFE is 
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Rider wear rate, crrr/hr 




(a) Wear rate in liquid nitrogen. 




PTFE, wt. % 

(c) Wear rate in liquid hydrogen. (d) Coefficient of friction in liquid hydrogen. 


Figure 6. - Wear rate and coefficient of friction of phenolic (phenol formaldehyde) -PTFE (polytetrafluoroethylene) composite 
riders sliding against 440-C stainless-steel disks in liquid nitrogen and in liquid hydrogen. Sliding velocity, 2300 feet per 
minute (701 m/min); load, 1 kilogram; duration of run, 1 hour. 
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more than 100 times as high in liquid hydrogen as it is in liquid nitrogen. This compari- 
son indicates the advantage of using phenolic as the base material of composites for use 
in liquid hydrogen. 

The friction coefficient of phenolic- PTFE composites in liquid hydrogen (figs. 6(b) 
and (d)) is altered little by the composition, the particle size, or the temperature. 


Lubrication Mode of Phenolic and of Composites 

As can be seen in figure 7, when the friction coefficient of the 100 percent phenolic 
increases, the wear rate increases, which indicates a transfer film formation and a sub- 
sequent film breakdown. Reforming the film, after breakdown, requires wear of the lu- 
bricating member. When PTFE is added to the phenolic (note curves of 5 wt. % PTFE), 
the film is more easily formed, as evidenced by the reduced friction coefficient. Al- 
though the apparent life (fig. 7) of this transfer film is no better than that for the 100 per- 
cent phenolic, the total wear is less. Increasing the percentage of PTFE to 15 weight 
percent produces a material that can maintain a transfer film in excess of 1 hour; this 
composite has the same friction coefficient and the same wear rate as the 100 percent 
PTFE. Note, also, that the wear rate as well as the total wear has decreased. It can 
now be seen why additional PTFE (greater than 15 wt. %) is unnecessary; the film, once 




Figure 7. - Correlation of coefficient of friction with wear rate as function of time for phenolic (phenol 
formaldehyde) and phenolic composites with various percentages of PTFE (polytetrafl uoroethylene) 
sliding against 440-C stainless steel in liquid nitrogen. PTFE particle size, 0.2 micron; sliding ve- 
locity, 2300 feet per minute (701 m/min); load, 1 kilogram. 
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properly formed, requires only maintenance, and more than 15 weight percent PTFE in 
the composite is not required. If the transfer film is easily worn away or if it is poorly 
bonded to the mating surface, the wear rate will be higher (note wear of the 100 percent 
phenolic and the 5 wt. % PTFE). 


SUMMARY OF RESULTS 

The following results were obtained from wear and friction studies of phenolic (phe- 
nol formaldehyde) -PTFE (polytetrafluoroethylene) composite riders sliding against 440- C 
steel disks in liquid nitrogen: 

1. The addition of PTFE powder (5 to 35 wt. %) to a phenolic reduced its wear for all 
particle size fillers evaluated (0.2, 2, and 8 pm). PTFE additions greater than 15 per- 
cent by weight revealed little additional improvement in wear of the composite. The co- 
efficient of friction, compressive modulus, and shear strength were reduced by a factor 
of about 2 by the addition of 15 weight percent (or more) PTFE. The smallest particle 
size of PTFE (0. 2 pm) produced lower wear than did the larger sizes. The wear rates 
of the composites were not as low as that of the reference material (85 percent PTFE 
and 15 percent glass fiber) or that of the 100 percent PTFE; friction coefficients of the 
composites were as low as that of the 100 percent PTFE and of the reference material. 

2. PTFE improved the wear of the composites by helping to maintain a lubricating 
transfer film on the mating surface. 

The results of friction and wear studies in liquid hydrogen revealed the following: 

1. The addition of PTFE to a phenolic reduced the wear of the composite by a factor 
of 10; an addition greater than 15 weight percent was unnecessary because the 15 weight 
percent PTFE produced a material that had the same wear rate as the 100 weight percent 
PTFE. Also, friction was not significantly improved. 

2. The wear rate of phenolic-PTFE composites in liquid hydrogen was about 10 times 
that obtained in liquid nitrogen; friction was essentially the same in liquid hydrogen and 
in liquid nitrogen. 

3. Composites with 15 weight percent PTFE or more had lower wear rates than that 
of 100 percent PTFE but greater than that of the reference material (85 percent PTFE and 
15 percent glass fiber); the friction coefficients of these composites were comparable 
with that of the reference material and that of the 100 percent PTFE. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, February 1, 1968 
129-03-13-01-22. 
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